In the present study, a high Mn twinning induced plasticity (TWIP) steel and two Al-added TWIP steels were fabricated, and their microstructures, tensile properties, and cup formability were analyzed to investigate the effects of Al addition on deformation mechanisms in tensile and cup forming tests. In the high Mn steel, the twin formation was activated to increase the strain hardening rate and ultimate tensile strength, which needed the high punch load during the cup forming test. In the Al-added TWIP steels, the twin formation was reduced, while the slip activation increased, thereby leading to the decrease in strain hardening rate and ultimate tensile strength. As twins and slips were homogeneously formed during the tensile or cup forming test, the punch load required for the cup forming and residual stresses were relatively low, and the tensile ductility was sufficiently high even after the cup forming test. This indicated that making use of twins and slips simultaneously in TWIP steels by the Al addition was an effective way to improve overall properties including cup formability.
In the present study, a high Mn twinning induced plasticity (TWIP) steel and two Al-added TWIP steels were fabricated, and their microstructures, tensile properties, and cup formability were analyzed to investigate the effects of Al addition on deformation mechanisms in tensile and cup forming tests. In the high Mn steel, the twin formation was activated to increase the strain hardening rate and ultimate tensile strength, which needed the high punch load during the cup forming test. In the Al-added TWIP steels, the twin formation was reduced, while the slip activation increased, thereby leading to the decrease in strain hardening rate and ultimate tensile strength. As twins and slips were homogeneously formed during the tensile or cup forming test, the punch load required for the cup forming and residual stresses were relatively low, and the tensile ductility was sufficiently high even after the cup forming test. This indicated that making use of twins and slips simultaneously in TWIP steels by the Al addition was an effective way to improve overall properties including cup formability. MANY efforts to increase fuel efficiency and to decrease CO 2 emissions in automotive industries were actively conducted, and automotive steels require excellent strength to sustain automotive structures and to reduce the impact or shock in cases of accidents. [1] [2] [3] [4] Thus, highly deformable steel plates such as transformation induced plasticity (TRIP) steels and twinning induced plasticity (TWIP) steels were actively developed. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] In particular, TWIP steels were intensively studied worldwide in order to satisfy the strict requirements for automotive steels demanding high economy, environmental friendliness, and high performance. In these TWIP steels, deformation twins formed during deformation prevent the movement of dislocations as they work for the grain boundary refinement, which is known as the Hall-Petch effect, [18, 19] and the necking is suppressed during deformation due to the high work hardening rate. Thus, TWIP steels show high strength and ductility simultaneously. [19] [20] [21] [22] The TWIP steels composed of austenite generally contain a considerable amount (about 20 wt pct) of Mn, because these high Mn TWIP steels have greater strength and toughness than dual-phase steels. [5, 8, [23] [24] [25] [26] [27] Despite these advantages of mechanical properties, the commercialization of high Mn TWIP steels is delayed, because the high Mn content often causes some problems such as reduced productivity due to the temperature drop of the molten steel during steelmaking, nozzle blocking during continuous casting, cracking during hot rolling, and surface oxidation of rolled products. [6, [23] [24] [25] The reduction in Mn content is not easy because of the existence of stabilized austenite at room temperature and the sufficient formation of twins inside austenite grains. TWIP steels containing Al with reduced Mn content were also developed to improve formability and to prevent delayed fracture. Here, Al plays an important role in decreasing twin formation, because it works for increasing stacking fault energy (SFE). [28, 29] These TWIP steels have excellent formability due to the decreased twin formation and the increased slip activation, which results in an excellent combination of strength, ductility, and formability over TRIP steels or dual-phase steels. [30, 31] Recently, Chin et al. [32] reported that cracking or delayed fracture took place in a high Mn TWIP steel during the cup forming test, whereas it did not occur in an Al-added TWIP steel, although the strength and elongation of the high Mn steel were higher than those of the Al-added steel. This was because the stress was concentrated on a certain location of the cup side of the high Mn steel. In the Al-added steel, on the other hand, the cracking or delayed fracture did not occur in the cup specimen as the twinning occurred more homogeneously. However, detailed mechanisms of the cup formability were not sufficiently investigated in relation to microstructures, because the cup formability required precise analyses of the amounts of twinning, and slip and stress distribution varied with locations of deformed cups. In addition, the microstructural modification processes during the cup forming test were not analyzed in detail. From this understanding of the effects of Al addition, it is possible to improve mechanical properties of TWIP steels used for automotive applications.
Microstructures, tensile properties, and cup formability of high Mn TWIP steel and two Al-added TWIP steels were investigated in this study. The cup formability and cracking behavior were examined by cup forming tests, after which the microstructural modification was analyzed by X-ray diffraction (XRD) and electron backscatter diffraction (EBSD) . In order to analyze residual stress distributions in the cup specimen, the cup forming process was simulated by using a finite element method (FEM), which could explain the deformation mechanisms related to the microstructural evolution. Based on the results of the microstructural modification and residual stress distribution, the effects of Al addition on the improvement of cup formability were clarified.
II. EXPERIMENTAL PROCEDURE

A. TWIP Steels
Chemical compositions of the three TWIP steels are 0.6C-18Mn, 0.6C-18Mn-1.6Al-0.04(Ti+B), and 0.6C-18Mn-1.9Al-0.04(Ti+B), which are referred to as ''18Mn,'' ''18Mn1.6Al,'' and ''18Mn1.9Al,'' respectively, for convenience. These steels were fabricated by a vacuum induction melting method. In the 18Mn1.6Al and 18Mn1.9Al steels, the Mn content is set to be 18 wt pct, while 1.6 and 1.9 wt pct of Al is added to increase the SFE. [33] [34] [35] [36] [37] [38] After 30-mm-thick plates were homogenized at 1423 K (1150°C) for 1 hour, they were hotrolled at 1373 K (1100°C). The finish rolling temperature was 1173 K (900°C). The hot-rolled steel sheets of 2.5 mm in thickness were water-cooled to 723 K (450°C), rolled at this temperature to make 1.4-mmthick sheets, held at 1073 K (800°C) for 0.5 minutes, and water-quenched. Figure 1 shows the rolling and heat-treatment conditions of the TWIP steels.
B. Microstructural Analysis
The steel specimens were polished and electroetched in an etchant of 5 pct perchloric acid + 95 pct acetic acid, and microstructures of the rolling direction and transverse direction (RD-T) planes were observed by a field emission scanning electron microscope (FE-SEM, model XL30S FEG, Philips FEI, Philips Electron Optics B.V., Hillsboro, OR). Phases present in the steels were identified by XRD Cu radiation (the scan rate was 2 deg/min, and the scan step size was 0.02 deg) and energy dispersive spectroscopy (EDS). EBSD analysis (resolution; 0.2 lm) was conducted by an FE-SEM. The data were then interpreted by orientation imaging microscopy analysis software provided by TexSEM Laboratories, Inc (Provo, UT).
C. Tensile Test and Cup Forming Test
Plate-type tensile specimens (gage length: 50 mm, gage width: 12.5 mm, and gage thickness: 1.4 mm) were prepared in the longitudinal direction. They were tested at room temperature at a strain rate of 3.3 9 10 À3 s À1 by a universal testing machine of 98 kN capacity (INSTRON* model 5582), in accordance with the ASTM standard E 8/E 8M standard specification. [39] Cup forming tests were conducted on steel sheet discs (diameter: 90 mm, and thickness: 1.4 mm) under a load of 19.6 kN by a universal sheet and strip metal testing machine of 490 kN capacity (model USM-50-2, Tokyo Testing Machine Manufacturing, Tokyo). The diameter of an extrusion die, extrusion distance, drawing ratio, and extrusion rate were 53.88 mm, 50 mm, 1.8, and 60 mm/min, respectively. In order to evaluate the mechanical properties of the cup specimen, plate-type tensile specimens having a gage length of 2.2 mm, gage width of 1.5 mm, and gage thickness of 1.4 mm were prepared from the distance of 4.25, 10.25, and 16.25 mm from the cup edge, which are referred to as CupR1, CupR2, and CupR3, respectively, as shown in Figure 2 . These specimens had a bent shape, instead of a flat shape, as they were collected from the side region of the cup specimen and were tested at room temperature at a strain rate of 1.0 9 10 À3 s À1 by a universal testing machine of 4.9 kN capacity (RB model 302 ML, R&B, Daejeon, Korea). The tensile loading direction was parallel to the rolling direction. After the tensile test, fracture surfaces were observed by an FE-SEM.
III. RESULTS
A. Microstructure Figure 3 shows the XRD data of the TWIP steel sheets. Only peaks of austenite (c) without peaks of martensite are found in the steel sheets. This indicates that the steel sheets are fully composed of austenite, which is matched with the data of other researchers. [3, 28, 32] SEM Fine submicron-sized particles, which are identified to be (Fe,Mn) 3 C carbides, are also observed in the 18Mn1.6Al and 18Mn1.9Al steels. The size and volume fraction of AlN are measured to be 1.5 lm and 0.14 pct, respectively, in the 18Mn1.6Al steel and 3.5 lm and 0.28 pct, respectively, in the 18Mn1.9Al steel, although the precise quantitative measurement is difficult as they are often agglomerated at some areas.
B. Tensile Properties
Figure 6(a) shows room-temperature engineering stress-strain curves, from which yield strength, ultimate tensile strength, and elongation are obtained, as listed in Table I , and the yield point region (marked by a dotted circle) is magnified to observe the yielding behavior. From these curves, true stress-strain curves and strain hardening rate curves were drawn, as shown in Figures 6(b) and (c), respectively. The 18Mn steel has the yield strength, ultimate tensile strength, and elongation of 449 MPa, 1089 MPa, and 60 pct, respectively. This steel shows a quasi-continuous yielding behavior, which means no hardening or softening right after the yielding, and a relatively high strain hardening, together with serrations in stress-strain curves. As Al is added, the ultimate tensile strength and the strain hardening decrease (Figures 6(a) and (b)), while the yield strength does not vary much. The discontinuous yielding behavior appears in the 18Mn1.6Al and 18Mn1.9Al steel steels, while serrations almost disappear. The elongation is highest in the 18Mn1.6Al steel, and other steels show a similar elongation at about 60 pct. The strain hardening rate decreases with increasing Al content ( Figure 6(c) ).
In order to investigate the amount of twin formation, the tensile specimen was deformed up to the elongation of 20 pct, which is marked by arrows in Figure 6 (a), and then was taken out for the microstructural observation. Figures 7(a) through (c) are SEM micrographs of the deformed area of the three steels. In the 18Mn steel, a number of fine twins are found inside grains, and the spacing between twins is narrow (Figure 7(a) ). Relatively small amounts of twins are formed inside grains of the 18Mn1.6Al steel (Figure 7(b) ). The spacing between twins is wider than that of the 18Mn steel, and another type of twins is often found inside the same grain. In the 18Mn1.9Al steel, the formation of twins is not well developed (Figure 7(c) ). Figure 8 shows punch load-displacement curves of the cup forming test of the TWIP steels. No cracks were found after punching. The punch load increases with increasing displacement, reaches the peak load point, and then decreases. Though the three steels show the similar cup forming behavior, the peak load is highest in the 18Mn steel and decreases in the order of the 18Mn1.6Al and 18Mn1.9Al steels. This indicates that the lower load is needed for the cup forming as Al is added, and that the cup forming results can be explained by the extent of strain hardening. The 18Mn steel having higher strain hardening needs the higher punch load during the cup forming test, whereas the 18Mn1.6Al and 18Mn1.9Al steels having lower strain hardening need the lower loads, because the punch load increases with increasing strain hardening. The XRD analysis data of the cup specimens are shown in Figure 9 . Only peaks of austenite are observed in the cup specimens. Though very small peaks of martensite (a¢(200) and a¢(211)) are observable at 2h of 65 and 78 deg, they might be considered as noise peaks made from severely distorted lattices, because the existence of martensite is not detected from the SEM and EBSD analysis results. This indicates that the cup specimens are composed of austenite, and that the martensitic transformation does not occur during the cup forming test.
C. Cup Forming Properties
D. Tensile Properties of Cup Specimens
Since distributions of residual stress and hardness were different before and after the cup forming test, depending on the distance from the cup edge, tensile properties of the specimen located at the distance of 4.25, 10.25, and 16.25 mm from the cup edge were evaluated to investigate the susceptibility against the cracking and to compare mechanical properties that were varied with the steels and distance from the cup edge. Small bent-shaped plate-type tensile specimens collected from the side region of the cup specimen were tested at room temperature, and stress-strain curves are shown in Figures 10(a) through (c) , from which ultimate tensile strength and post elongation are obtained, as listed in Table II . In the stress-strain curves, very high strains over 100 pct are observed as the bent-shaped specimen is flattened right after it is strained, and they are not accepted as reasonable tensile strains. Thus, in the present study, the post elongation measured from the maximum stress point to the fracture point is used for the reliable strain value. The CupR1 specimen of the 18Mn steel (18Mn-CupR1 specimen) shows the highest ultimate strength and lowest post elongation, and the CupR3 specimen (18Mn-CupR3 specimen) shows the decreased strength and the increased post elongation (Figure 10(a) ). The ultimate strengths of the CupR1 specimens of the 18Mn1.6Al and 18Mn1.9Al steels (18Mn1.6Al-CupR1 and 18Mn1.9Al-CupR1 specimens) are lower than that of the 18Mn-CupR1 specimen, whereas their post elongations are higher (Figures 10(b) and (c)). As the distance from the cup edge decreases, i.e., in the order of the CupR3, CupR2, and CupR1 specimens, the ultimate strength increases, while the post elongation decreases. This trend of strength and elongation also appears when the Al content decreases. The 18Mn1.6Al-Cup specimens have higher strength and elongation than the 18Mn1.9Al-Cup specimens.
SEM fractographs of the CupR1 specimens are shown in Figures 11(a) through (d) . All the specimens are fractured in a ductile dimpled mode, and the fracture surfaces contain a considerable amount of large separations elongated along the cup forming direction, as indicated by arrows. These separations tend to be wide and shallow in the 18Mn-CupR1 specimen (Figure 11(a) ), while they tend to be narrower and deeper in the 18Mn1.6Al-CupR1 and 18Mn1.9Al-CupR1 specimens (Figures 11(b) through (c) ). Particularly, in the 18Mn1.9Al-CupR1 specimen, broken AlN particles are found inside some separations as marked by dotted yellow circles in Figure 11 (d).
IV. DISCUSSION
A. Effects of Aluminum Addition on Twin or Slip Formation
The twin formation and martensitic transformation occurring in TRIP or TWIP steels are closely related to the SFE. Scott et al. [40] calculated the SFE for the martensitic transformation by modeling of Fe-Mn-C ternary alloy systems, and the calculated SFEs were well matched with the iso-SFE contour data (18 mJ/m 2 ) of Schumann.
[41] They also reported from their modeling data that Fe-Mn-C steels having compositions of Fe-(17 to 23)Mn-(0.5 to 0.7)C had sufficient SFE for the twin formation. In this SFE range, the twin formation was well developed without occurring martensitic transformation. The present 18Mn, 18Mn1.6Al, and 18Mn1.9Al steels are different in the content of Al. Since Al works as a strong element to increase the SFE, the SFE increases with increasing Al content. [29, 42] For example, the SFEs of the 18Mn, 18Mn1.6Al, and 18Mn1.9Al steels are estimated to be 20 to 30 mJ/m 2 , 30 to 40 mJ/ m 2 , and 35 to 42 mJ/m 2 , respectively, from previous researchers. [3, 43, 44] Also, Park et al. [45] found the increase in SFE of 5 mJ/m 2 by adding 1 wt pct of Al in Al-added 0.6C-22Mn steels. These estimated SFEs are included within the SEF range, where the martensitic transformation does not occur, [6, 23, 41] which can be confirmed by the presence of only peaks of austenite in the XRD data before and after the cup forming test (Figures 3 and 9) .
The difference in SFE due to the Al addition changes the amount of twin formation during the deformation of TWIP steels. According to the microstructural observation of the deformed area of the tensile specimen (Figures 7(a) through (c) ), the amount of twin formation decreases with increasing Al content, which can be explained by the increase in SFE. Byun [46] reported that the critical resolved shear stress required for the twin formation increased with increasing SFE, and that the slip activation, instead of the twin formation, was preferred with increasing SFE in the range above 30 mJ/m 2 . The EBSD analysis was conducted on the undeformed area (specimen grip area) and deformed area of the fractured tensile specimen, and inverse pole figure (IPF) maps are shown in Figures 12(a) and (b) . Most of grains in the undeformed area are relatively randomly oriented (Figure 12(a) ), but most of the grains in the deformed area are aligned on (001) and (111) planes (Figure 12(b) ). These results are coincident with the results of Barbier et al. [47] and Gutierrez-Urrutia et al. [48] Yan et al. [49] investigated the texture formation of TWIP steels by using in-situ synchrotron analysis, and found that it was affected by grain orientations, dislocation slip and reorientations, and deformation twinning. Since the distributions of (001) and (111) orientations are different in each steel, how many twins or slips are activated inside grains is predicted indirectly by analyzing the distribution state. Slips were readily activated when orientations of grains were close to (001) planes, whereas twins were readily formed when orientations were close to (111) planes. [48] This is because the Schmid factor required for twin formation (m twin ) is different from the Schmid factor required for slip activation (m slip ), and because conditions of m twin < m slip and m twin > m slip are activated in (001) and (111) orientations, respectively. [48, 50] In the present 18Mn steel, grains aligned on (111) planes are more populated than those on (001) planes, which indicates the greater occurrence of twins than slips. Because the number of grains aligned on (111) planes is about the same as that on (001) planes in the 18Mn1.6Al steel, it is predicted that twins occur similarly with slips. In the 18Mn1.9Al steel, grains aligned on (001) planes are more populated than those on (111) planes, which implies that the slip activation takes place more frequently than the twin formation. These results are also matched with the formation behavior of twins, as shown in Figures 7(a) through (c), in which the Al addition reduces the twin formation and accelerates the slip activation.
B. Correlation Between Microstructure and Tensile Properties
As shown in Figure 6 (a), the engineering stress-strain curve of the 18Mn steel shows serrations, whereas serrations almost disappear in the Al-added steels. These serrations are generally explained by dynamic strain aging, which occurs when carbon atoms move faster than the moving speed of dislocations formed during the tensile test and combine with dislocations. [51] [52] [53] The Al addition decreases the diffusion rate of carbon atoms, prevents the cohesion of carbon atoms and dislocations, and reduces the occurrence of serrations. [3] The Al addition also changes from the quasi-continuous yielding behavior to a discontinuous yielding one. This transition is reported to be related to the mobility of dislocations. [54, 55] In the present three TWIP steels, the ultimate tensile strength is varied with the Al content, while the yield strength is similar (Table I) , which results in the variation in strain hardenability. According to the strain Fig. 10-Room-temperature tensile stress-strain curves of the bentshaped plate-type tensile specimens collected from the side region of the cup specimen of the (a) 18Mn, (b) 18Mn1.6Al, and (c) 18Mn1.9Al steels.
hardening rate data in Figure 6 (c), the trend of decreasing strain hardening rates with increasing Al content is clearly visible. This is attributed to the increase in SFE due to the increased Al content, the decrease in twin formation, and the increase in slip activation. According to the comparison of the twin and slip deformation data in Figures 7(a) through (c) and 12(b), the number of grains containing twin decreases, the spacing between twins increases, and the slip deformation is activated as the Al content increases. Twins formed inside grains work for increasing the strength as they block the dislocation movement to show the Hall-Petch effect. On the contrary, the increased slips play a role in decreasing the strength as they lead to the easy dislocation movement. In the 18Mn steel, thus, the twin formation is activated to increase the Hall-Petch effect, strain hardening rate, and ultimate tensile strength. In the Al-added steels, the twin formation is reduced by the increased critical resolved shear stress due to the increased SFE, while the slip activation increases, thereby leading to the decrease in the Hall-Petch effect, strain hardening rate, and ultimate tensile strength. In the Al-added steels, the peak load required for the cup forming is lower than that of the 18Mn steel, as shown in Figure 8 . This is also explained by the difference in strain hardenability. In the 18Mn steel having high strain hardenability, the strength increases rapidly during the cup forming test, and thus the peak load is very high. The 18Mn1.9Al steel having low strain hardenability has the lower peak load. This difference in peak load affects the residual stresses and subsequent tensile properties of the cup specimens (Figures 10(a)  through (c) ).
In order to investigate the distribution of residual stresses of the cup specimens, the FEM was conducted by using a commercial package ABAQUS (Dassault Systemes Simulia, Inc., Seoul). The FEM analysis conditions are summarized in Table III . The simulated effective stress contours after the cup forming test of the steels are shown in Figures 13(a) through (c) , from which the maximum compressive and tensile residual stresses were measured, as listed in Table IV . The stress distributions are almost the same in the three steels, and the compressive and tensile residual stresses are localized in the inner and outer walls, respectively, of the cup specimen. The compressive residual stresses are higher by 200 to 300 MPa than the tensile residual stresses, because the load is applied by a punch while the sheet discs are fixed. The maximum tensile residual stresses were measured at the positions of CupR1, CupR2, and CupR3, and the results are summarized in Table V . The maximum tensile residual stress decreases as the distance from the cup edge or the Al content increases. This tendency is coincident with the results of the maximum tensile residual stress in Table IV .
Since the strain hardenability is varied with the location of the cup specimen, the Vickers hardness of the areas of 5-, 10-, and 15-mm distance from the cup edge was measured with intervals of 0.25 mm inward from the outer surface of the cup specimen under a load of 500 g using a pyramid-shaped diamond tip, and the results are shown in Figures 14(a) through (c) . The hardness is lowest at the center (1.0-mm distance from the outer surface) and decreases as the Al content increases. During the cup forming test, compressive and tensile residual stresses act in the inner and outer parts, respectively, of the cup specimen. In the center part, residual stresses are lowest according to the smallest deformation, which results in the lowest hardness. As the Al content increases, the steels are subject to decreased strain hardening, which reduces the residual stresses and the subsequent peak load required for cup forming (Figures 8 and 13 ). These results are matched with the residual stress data predicted by the FEM analysis.
As mentioned previously, tensile properties of the cup specimen are affected by the punch load, residual stress, and distance from the cup edge, which are mainly determined by the microstructural modification due to the Al addition. The 18Mn steel needs the high punch load during the cup forming test because of its high strain hardenability. This results in the high residual stresses in the cup specimen, which induces the increased ultimate strength and the decreased post elongation of the cup specimen. In the Al-added steels, the decreased strain hardenability leads to the decreased punch load and ultimate tensile strength, while the post elongation increases. In the case of the 18Mn1.9Al steel containing agglomerated AlN particles, however, the post elongation decreases as AlN inclusions act as crack initiation sites during the tensile and cup forming tests (Figure 11(d) ). Therefore, the 18Mn1.6Al steel shows much better overall tensile and cup forming properties than the 18Mn and 18Mn1.9Al steels. In this steel, twins and slips are homogeneously formed during the tensile or cup forming test, and the punch load required for the cup forming and residual stresses are relatively low, thereby leading to high post elongation even after the cup forming test. This indicates that making use of twins and slips simultaneously in TWIP steels by the Al addition is an effective way to improve overall properties including cup formability. In order to develop TWIP steels with excellent mechanical properties and formability for automobiles in the future, intensive studies on optimal alloying compositions containing appropriate contents of Al and Mn, on appropriate formation conditions of twins and slips, and on deformation mechanisms occurring during cup forming should be continued.
V. CONCLUSIONS
In the present study, tensile and cup forming properties of a high Mn TWIP steel and two Al-added TWIP steels were investigated.
1. The three TWIP steel sheets consisted of austenite of about 5 lm in size, together with a small amount of particles. These particles were identified to be fine submicron-sized (Fe,Mn) 3 C carbides and AlN inclusions formed in the high Mn steel and Aladded steels, respectively. 2. The difference in SFE due to the Al addition changed the amount of twin formation during the deformation of TWIP steels. In the high Mn steel, the twin formation was activated to increase the strain hardening rate and ultimate tensile strength. In the Al-added steels, the twin formation was reduced by the increased critical resolved shear stress due to the increased SFE, while the slip activation increased, thereby leading to the decrease in strain hardening rate and ultimate tensile strength. 3. The 18Mn steel needed the high punch load during the cup forming test because of its high strain hardenability. This resulted in the high residual stresses in the cup specimen, which induced the increased ultimate strength and the decreased post elongation of the cup specimen. In the Al-added steels, however, the decreased strain hardenability led to the decreased punch load and ultimate tensile strength, while the post elongation increased. 4. In the 1.9Al-added TWIP steel containing agglomerated AlN particles, the post elongation of the cup specimen decreased as AlN inclusions acted as crack initiation sites during the tensile and cup forming tests. Thus, the 1.6Al-added TWIP steel showed most excellent overall tensile and cup forming properties among the three steels. In this steel, twins and slips were homogeneously activated during the tensile or cup forming test, and the punch load required for the cup forming and residual stresses were relatively low, thereby leading to the high post elongation even after the cup forming test.
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